TOPK is overexpressed in various types of cancer and associated with poor outcomes in different types of cancer. In this study, we first found that the expression of T-lymphokine-activated killer cell-originated protein kinase (TOPK) was significantly higher in Grade III or Grade IV than that in Grade II in glioma (P = 0.007 and P < 0.001, respectively). Expression of TOPK was positively correlated with Ki67 (P < 0.001). Knockdown of TOPK significantly inhibited cell growth, colony formation and increased sensitivities to temozolomide (TMZ) in U-87 MG or U-251 cells, while TOPK overexpression promoted cell growth and colony formation in Hs 683 or A-172 cells. Glioma patients expressing high levels of TOPK have poor survival compared with those expressing low levels of TOPK in high-grade or low-grade gliomas (hazard ratio = 0.2995; 95% CI, 0.1262 to 0.7108; P = 0.0063 and hazard ratio = 0.1509; 95% CI, 0.05928 to 0.3842; P < 0.0001, respectively). The level of TOPK was low in TMZ-sensitive patients compared with TMZ-resistant patients (P = 0.0056). In TMZresistant population, patients expressing high TOPK have two months' shorter survival time than those expressing low TOPK. Our findings demonstrated that TOPK might represent as a promising prognostic and predictive factor and potential therapeutic target for glioma.
INTRODUCTION
Glioma represents the most common primary tumor in the Central Nervous System (CNS). Along with the increased incidence of brain tumors, glioma mortality in China increased by as much as 194% in 2008, compared to data from the 1970s [1] . Malignant glioma often leads to fatal outcomes because of its biological behavior and its resistance to current therapies, posing great challenges to public health. For the past century, the classification of glioma has been mostly based on histopathological features. However, some patients with histologically identical tumors have very different outcomes and responses to treatment. Integration of both histological and molecular biomarkers was introduced in the 2016 World Health Organization (WHO) Classification of CNS tumors [2] . Therefore, it is critical to identify important candidates to improve our understanding on the pathogenesis, diagnosis, clinical therapeutic decision and prognosis evaluation in malignant glioma patients.
T-lymphokine-activated killer cell-originated protein kinase (TOPK) is a MAPKK-like serine/threonine protein kinase extensively expressed in various types of cancer, such as colorectal cancer [3] , lymphoma [4] , melanoma [5] , breast cancer [6] , lung cancer [7] , and cholangiocarcinoma [8] . Previous studies indicated that TOPK is involved in many important biological processes including mitosis [9] , cell proliferation [10] , DNA repair [11] , and carcinogenesis [3] . Additionally, levels of TOPK could be closely associated with prognostic diagnosis in colorectal cancer [12] , lung cancer [13] , and ovarian cancer [14] .
Temozolomide (TMZ), a first line chemotherapeutic drug for glioma patients [15] , can induce DNA lesions including N 7 -MeG, N 3 -MeA and O 6 -MeG by DNA methylation, leading to DNA double strand breaks, thereby exerting its anti-cancer cytotoxicity [16] . As a predominant DNA lesion produced by TMZ, O 6 -MeG, is repaired by O 6 -methylguanine-DNA methyltransferase (MGMT), which is a DNA repair protein [17] . The level of MGMT expression is increased when the MGMT gene promoter is unmethylated, which enhances tumor resistance to TMZ [18] . In addition to MGMT repair mechanism, mismatch repair [19] and base excision repair [20] are involved in TMZ resistance as well.
In this study, we found that TOPK expression was significantly increased in high-grade gliomas (HGG) (WHO Grade III & IV) patients. TOPK expression was closely associated with glioma grading, poor survival of glioma patients, cell proliferation and tumorigenesis of glioma, and more importantly, with chemotherapeutic resistance to TMZ.
RESULTS

TOPK is overexpressed in HGG patients
The expression level of TOPK was analyzed in low-grade gliomas (LGG) (Grade II, 17 cases) or HGG (Grade III, 19 cases; Grade IV, 29 cases) patient samples by IHC. As shown in Figure 1A , TOPK expression was negative in patients with focal cortical dysplasia, weak in Grade II, and significantly stronger in Grade III or Grade IV compared to expression in Grade II (P = 0.007 and P < 0.001, respectively). No significant difference in TOPK expression was found between Grade III and Grade IV (P = 0.6973). Expression levels of TOPK were scored from 0 to 12 according the definition described in the materials and methods section. High score of TOPK was only observed in HGG patients. These data suggested that TOPK was related with histological grade and could act as a promising diagnostic factor for differentiating HGG and LGG. Meanwhile, we examine the expression of Ki67, P53 and EGFR, common molecules associated with histological grade or prognosis in human glioma. Ki-67, reflecting the proliferation and malignancy of cancer cells, was significantly increased with the grade of glioma [21] . Our results also showed that Ki67 was significantly increased in Grade III or Grade IV glioma compared to Grade II glioma (P = 0.0003 and P < 0.0001, respectively) ( Figure 1B ). EGFR gene amplification is one of the most frequent genetic alterations observed in glioma [22] , and EGFR expression generally correlates with WHO grade in gliomas [21] . P53 mutations were found in glioblastomas, astrocytomas and anaplastic astrocytomas [23] . Studies reported that mutant P53 was positively correlated with TOPK expression in cancer cell [7] . We found that P53 and EGFR were expressed in LGG or HGG, and no significant difference between Grade II and Grade III or Grade IV (P > 0.05) ( Figure 1C and 1D) . Furthermore, our results demonstrated that significant correlation was identified only between TOPK and Ki67 expression (P < 0.0001) ( Figure 1E) , not between TOPK and EGFR or P53 (data not shown).
Knockdown of TOPK reduces tumorigenic properties ex vivo
It has been reported that TOPK could promote tumorigenesis of colorectal cancer [3] . As shown above, TOPK was highly expressed in HGG, therefore we attempted to assess the role of TOPK in glioma using glioma cell models. First, the level of endogenous TOPK was tested in 5 different human glioma cell lines. Results showed that levels of TOPK in U-87 MG or U-251 cells were higher than those in A-172, Hs 683 or U373 cells (Figure 2A ). Therefore, we used shRNAs to knock down TOPK in U-87 MG or U-251 cells (U-87 MG/shTOPK or U-251/shTOPK) and U-87 MG/shMock or U-251/shMock is control. As shown in Figure 2B , TOPK expression was knocked down by shRNA sequence #3 and #5 in both cells. Next, growth curves of U-87 MG/shMock, U-87 MG/ shTOPK#3 or U-87 MG/shTOPK#5 cells were compared, and the results indicated that U-87MG/shTOPK cells grew dramatically slower than U-87 MG/shMock cells ( Figure 2C left panel) . Next, the anchorage-independent growth of the U-87 MG/shMock or U-87 MG/shTOPK cell lines was examined, and the results indicated that the number of colonies in U-87 MG/shTOPK cell cultures was much less than that in U-87 MG/shMock cell cultures ( Figure 2D upper panel) . Similar results were observed in the U-251/shMock or U-251/shTOPK cell lines ( Figure 2C right panel and Figure 2D lower panel). ERK has been identified as one of the substrates of TOPK and TOPK-ERK interaction increases tumorigenesis of colorectal cancer cells [3] . Next, we assessed the level of phospho-ERK1/2 in shMock cells and shTOPK cells. Decreased phospho-ERK1/2 was observed in shTOPK cells ( Figure 2E ). Therefore, these results indicated that suppression of TOPK in glioma cells inhibited tumorigenesis ex vivo.
TOPK overexpression promotes tumorigenic properties ex vivo
In order to further confirm the role of TOPK on glioma cell growth, we transfected pcDNA3 or pcDNA3-HA-TOPK into Hs 683 or A-172 cells to generate TOPK overexpression cell lines. Expression of TOPK and phospho-ERK1/2 was increased ( Figure 3A ). Cell 
TOPK inhibits TMZ-induced apoptosis in U-87 MG and U-251 cells
TMZ is a first-line chemotherapeutic drug for clinical glioma therapy [16] . However, tumor cells can develop resistance to TMZ, diminishing its therapeutic effects. The above data indicated that TOPK was very important in glioma development, therefore we decided to test whether TOPK expression is related to TMZ resistance in glioma. First, we treated U-87 MG or U-251 cells with TMZ in a time-or dose-dependent manner. The level of cleaved-Caspase3 gradually increased and reached its highest level after 48 h treatment with 100 µM TMZ ( Figure 4A, 4B) . Next, we treated shMock or shTOPKsupplemented U-87 MG or U-251 cells with 100 µM TMZ for 48 h and assessed whether endogenous TOPK affect TMZ-mediated caspase activation. We found that shTOPK-treated cells displayed an increase in cleavedCaspase3 compared with shMock-treated cells when treated with TMZ, which demonstrated endogenous TOPK inhibited TMZ-mediated caspase activation and cell apoptosis ( Figure 4C ). Further demonstrating the effect of TOPK on glioma cells apoptosis in present of TMZ, we treated cells with HI-032, an inhibitor of TOPK [24] . The concentration of HI-032 was determined following IC50 value of HI-032 for U87 and U251 cells (data not shown) and related references [24] . Results indicated that cleaved-Caspase3 was increased in U-87 MG or U-251 cells treated for 48 h with 100 µM TMZ and 2 µM HI-032 compared to cells treated with TMZ alone ( Figure 4D ). These findings suggest that TOPK suppression in glioma cells could promote cell apoptosis and enhance TMZ sensitivity. TMZ can induce DNA double strand breaks (DSBs) [25] . Serine 139 phosphorylation of histone H2AX (γ-H2AX) is an important sensor for this kind of DNA damage [26] . Next, the expression of γ-H2AX was examined in shMock or shTOPK cells. The results showed that γ-H2AX was significantly down-regulated in shTOPK cells ( Figure 4E ). H2AX +/+ MEF and H2AX -/-MEF cells were treated with TMZ, and we observed that knockout of H2AX promoted cell apoptosis ( Figure 4F ). All these data indicated that TOPK blocked TMZ-induced glioma cell apoptosis through increasing γ-H2AX.
TOPK is a prognostic and predictive factor for glioma
Since TOPK can block TMZ-induced glioma cell apoptosis, we next investigated the correlation between the level of TOPK and patient survival and the relationship between TOPK expression level and TMZ treatment. We followed up 57 cases glioma patients and divided them into two groups, a low TOPK expression group (score: 0-3) and a high TOPK expression group (score: 4-12). Patients with high TOPK expression had a shorter median survival time (MST) and overall survival (OS) than patients with low TOPK expression. Logrank test showed that glioma patients with high levels of TOPK have poor survival outcome compared with those with low levels of TOPK in HGG or LGG (hazard ratio = 0.2995; 95% CI, 0.1262 to 0.7108; P = 0.0063 and hazard ratio = 0.1509; 95% CI, 0.05928 to 0.3842; P < 0.0001, respectively). HGG and LGG patients with low TOPK expression has no significant difference for OS (hazard ratio = 0.3941; 95% CI, 0.08659 to 0.1794; P = 0.2285) (Figure 5A left panel) . These results showed that TOPK overexpression obviously shortens the length of OS in glioma, and TOPK is correlated with poor survival outcome, regardless of WHO Grade. We also compared the correlation between Ki67 expression and survival in the same patient samples, and the results indicated that patients with high Ki67 expression have poor survival outcome as well. (hazard ratio = 0.2914; 95% CI, 0.1227 (Figure 5A right panel) . Therefore, we hypothesize that TOPK can act as a prognostic factor similarly to Ki67 in glioma. To identify the potential association between TOPK expression and the efficacy of TMZ chemotherapy, 35 patients received TMZ chemotherapy were studied. The results indicated that patients with high levels of TOPK were insensitive to TMZ therapy compared to those with low levels of TOPK (P = 0.0056) ( Figure 5B left panel) , which suggested that TOPK expression was significantly related to TMZ resistance. No significant correlation between Ki67 and TMZ treatment was identified (P = 0.075) (Figure 5B right  panel) . Furthermore, we analyzed the correlation between TOPK or Ki67 expression level and survival in the 24 cases of TMZ-resistant patients. The results indicated that patients with high levels of TOPK or Ki67 have at least two months' shorter survival time than those with low level of TOPK or Ki67 in TMZ-resistant patients ( Figure 5C ). Therefore, TOPK is a useful prognostic and predictive factor in glioma patients.
DISCUSSION
The WHO redefined the classification of CNS tumors in 2016. Unlike the previous editions of WHO classification based on histopathological features, through integrating histopathological and molecular features in glioma diagnosis, more prognostic information is provided. The most frequent genetic alterations associated with glioma initiation and progression include mutation of isocitrate dehydrogenase 1/2 (IDH1/2) [27] , co-deletion of chromosomes 1p and 19q (1p/19q co-deletion) [28] , p53 mutation [21] and EGFR amplification or mutation [21, 29] . These molecular alterations are greatly helpful to supplement the histological evaluation in defining specific glioma subgroups. However, WHO grade identifications are still based on histopathological features, more efforts are trying to identify prominent molecular markers representing the progression status, i.e. the grades of the glioma. Recently, some new biomarkers have been identified to be correlated with glioma grading [30, 31] . In the present study, we demonstrated for the first time that TOPK expression was increased in glioma, and the level of TOPK was significantly higher in Grade III or Grade IV than that in Grade II. Meanwhile, we examined the expression of Ki67, P53, EGFR in glioma patients with different grade, and association between glioma grading and Ki67 or P53 was the same with what have been reported. While the level of EGFR had no significant correlation with glioma grading, which was inconsistent with prior findings. The EGFR overexpression was mostly found in HGG [21, 29] , because of the limitation of numbers of LGG, as a whole, the association of EGFR expression with grading might not be appreciated in the current study. We also found that TOPK was positively www.impactjournals.com/oncotarget correlated with Ki67 expression. Ki67 is associated with histological grade and poor survival outcomes in glioma cases [21, 32] , suggesting the level of TOPK is significantly related to glioma grade progression, and TOPK act as a novel diagnostic factor to identify HGG and LGG patients.
TOPK contribute to tumorigenesis, tumor development and progression [3, [33] [34] [35] [36] [37] [38] , TOPK was reported to promote tumor development and progression through suppression of P53 function in HCT116 cells [39] . TOPK increased cell migration by modulating PI3K/PTEN/AKT-dependent signaling pathway in lung cancer [40] . High TOPK expression is associated with poor outcome, and TOPK has been identified as prognostic marker in various cancer [12] [13] [14] . Lung adenocarcinoma patients with high level of TOPK expression had shorter OS and time to recurrence when compared to patients with lower level of TOPK expression [41] . High level of TOPK expression was associated with poor progression-free survival (PFS) and OS in ovarian cancer [14] . So far, little research has been reported about the association between TOPK expression and patient survival in glioma. Our results showed that TOPK promoted tumorigenic properties and glioma cellular proliferation in glioma cells. Glioma patients with high levels of TOPK have poor survival outcome compared with those with low levels of TOPK in HGG or LGG, and patients with low TOPK expression, whether HGG or LGG, had good survival outcome, which suggests that TOPK serves as a prognostic factor regardless of WHO grade in glioma. Therefore, TOPK could promote glioma malignant potential and progression and contribute to poor prognosis for glioma patients.
Currently, the standard treatment strategies for glioma are surgical resection, radiotherapy and adjuvant chemotherapy. TMZ is a commonly preferred chemotherapy drug for glioma patients. MGMT was identified as an important biomarker capable of predicting the sensitivity of glioma patients to TMZ treatment. 50% of glioblastomas patients with low level of MGMT could not benefit from TMZ therapy, which suggested that the additional factors participated in TMZ resistance [42] . In this study, clinical results demonstrated that patients with high levels of TOPK have worse survival outcomes than those with low levels of TOPK in TMZ-resistant patients. This result indicated that high levels of TOPK were associated with TMZ resistance. Studies reported that TOPK could activate NF-κB in HeLa cells [43] and reduction of NF-κB activity could reverse TMZ resistance by MGMT expression in glioma cells [44] , which implied that TOPK could promote MGMT expression through activation of NF-κB to lead to TMZ resistance. In the current study, we found that blocking TOPK expression promoted glioma cell apoptosis when treatment with TMZ in U-87 MG and U-251 cells. MGMT gene mRNA was barely detectable in both U-87 MG and U-251 cells [45] . We also could not detect protein of MGMT in U-87 MG cell, a cell line with highly endogenous TOPK expression (data not shown). Therefore, we thought that TOPK promoting TMZ resistance was probably through other mechanism besides MGMT mechanism in glioma cells. TOPK could regulate DNA repair [11] . TOPK could phosphorylate H2AX directly [46] . We found that blocking TOPK decreased γ-H2AX expression in U-87 MG and U-251 cells. γ-H2AX is required for the accumulation of DNA damage response (DDR) proteins and the defects of DNA damage repair response associated with downregulation of TOPK expression sensitized cells to TMZ treatment. Overall, our results demonstrated that TOPK expression was available to predict TMZ-sensitive and TMZ-resistant glioma patients. However, whether TOPK reducing TMZ sensitivity is associated with MGMT expression requires further investigation.
TMZ treatment has improved PFS and OS in glioma patients, but its survival benefit remains unsatisfactory because of primary or acquired resistance. In this study, we demonstrated that TOPK was highly expressed in HGG, and high level of TOPK was significantly associated with TMZ resistance and poor survival in glioma patients. TOPK promotes glioma cellular proliferation and tumorigenesis. Either HI-032 treatment or TOPK knockdown can promote cell apoptosis to TMZ treatment. It has been reported that targeting TOPK decreased growth and survival of glioma initiating cells in vitro and inhibited tumor growth in vivo [10] . Therefore, TOPK may serve as a potential therapeutic target for TMZ treated glioma patients, especially for HGG patients. Recently, several TOPK inhibitors including Caffeic acid [47] , HI-032 [21] , OTS964 [48] and pantoprazole [33] have been identified. Thus, combining TMZ treatment with a TOPK inhibitor may represent a promising therapy in malignant glioma.
In conclusion, our study demonstrates that TOPK is highly expressed in HGG and contributes to TMZ resistance and poor survival in glioma patients. In addition, our results show that TOPK facilitates glioma cellular growth and tumorigenesis. Therefore, TOPK can serve as a promising new diagnostic, prognostic and predictive factor and a potential therapeutic target for glioma.
MATERIALS AND METHODS
Clinical data
The study materials consisted of 65 cases of malignant gliomas (WHO Grade II~IV), collected from archival files dating from 2015 to 2016 of Department of Pathology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Tissue blocks from three cases of focal cortical dysplasia and one case of pilocytic astrocytoma (WHO Grade I) were designated as the control group. Clinical parameters including age, grade, MST and TMZ treatment were evaluated (See Table 1 ). Two pathologists reviewed the histopathological diagnosis of these malignant glioma groups simultaneously, according to the WHO Classification of Tumors of CNS.
Histopathology and immunohistochemistry
The tumor tissues were routinely fixed in 10% buffered formalin for at least 12 hours, and processed, embedded in paraffin block. 5 µm paraffin sections were microtomed, gradually dewaxed into the water, and the Hematoxyline & Eosin staining was performed. The histopathological features were evaluated under light microscope (Nikon 80i). For immunohistochemistry (IHC), the paraffin sections were gradually dewaxed into the water, then immersed in 0.01 M citrate buffer and microwaved for antigen retrieval. After incubation in primary antibodies against TOPK, P53, EGFR and Ki67 overnight, the standard DAKO ChemMateTM EnVision Kit, based on the two-step labeled horseradish perioxidase method, were used according to manufacturer's instructions. 3,3′-diaminobenzidine was used as the chromogen. The deposition of granular dark brown pigments in tumor cells were considered as positive staining.
Quantification of TOPK, Ki67, P53, EGFR
The hot-spot method was used for semiquantification of immunohistochemical expression scores. The expression of each protein was evaluated independently by two pathologists using the semiquantitative classifications proposed by Yuan J, et al. [49] and Montgomery RM, et al. [50] . The semi-quantified positive expression indexes (PEI, from 0 to 12) of TOPK, P53 and EGFR were calculated by multiplying percentage score (percentage of positivity of tumor cells: score1 = 0-25%; score2 = 26-50%; score3 = 51-75%; and score4 = 76-100%) with staining intensity score (none = 0, weak = 1, moderate = 2, intense = 3). Ki67 labeling index was calculated as percentage of nuclear positivity of tumor cells. The PEI ≥1 were considered as positive expression.
Plasmids, shRNA, antibodies, and other reagents
The plasmids pcDNA3-HA-TOPK and pcDNA3 were provided by our laboratory. Five shRNA sequences were designed to knock down TOPK. These sequences are: 1. 5′-CCGGGGGAACTAGGCCACCTATTAACT CGAGTTAATAGGTGGCCTAGTTCCCTTTTTG-3′; 2. 5′-CCGGGAAGTGTGGCTTGCGTAAATACTCGAG TATTTACGCAAGCCACACTTCTTTTTG-3′; 3. 5′-CC GGGTAATGATCATTATCGAAGTGCTCGAGCACTT CGATAATGATCATTACTTTTTG-3′; 4. 5′-CCGGGCC TTCATCATCCAAACATTGCTCGAGCAATGTTTGGA TGATGAAGGCTTTTTG-3′;5. 5′CCGGGATTCCACA CATTAATCTTTCCTCGAGGAAAGATTAATGTGTGG AATCTTTTTG-3′. The sense and anti-sense oligonucleo tides were synthesized, annealed and cloned into the pLKO.1-TRC cloning vector at the EcoR I and AgeI sites as described by the manufacturer [51] . A shMock was used with a sequence lacking significant homology to the human genome database. Anti-mouse TOPK and β-actin were purchased from Santa Cruz Technology, Inc. (Santa Cruz, CA, USA). Anti-H2AX, Anti-phospho-H2AX, Anti-P53, Anti-EGFR, Anti-phospho-ERK1/2 and Anti-cleaved-Caspase3 were from Cell Signaling Technology, Inc. (Boston, MA, USA). Anti-Ki67 was purchased from DAKO Company. HRP-labeled Goat anti Mouse IgG (H+L) and Goat anti Rabbit IgG (H+L) were from EarthOx, LLC (San Francisco, CA, USA). DAKO ChemMateTM EnVision Kit (horseradish peroxidase (HRP)/3,3′-diaminobenzidine (DAB), rabbit/mouse) was from Shanghai Gene Company (Shanghai, China). Simple-Fect was from Signaling Dawn Biotech (Wuhan, China). G418, puromycin, TMZ and HI-032 (an agonist binding to the active site of TOPK) were from Sigma (St. Louis, USA).
Cell lines and culture condition
The human glioma cell lines U-87 MG, U-251, A-172, Hs 683 and the normal cell line HEK293T were purchased from American Type Culture Collection (ATCC), The cell lines were cultured in DMEM supplemented with 10% FBS at 37°C, 5% CO2 incubator following the 
